Theileria parasites cause severe bovine disease and death in a large part of the world. These apicomplexan parasites possess a relic plastid (apicoplast), whose metabolic pathways include several promising drug targets. Putative inhibitors of these targets were screened, and we identified antiproliferative compounds that merit further characterization.
Theileria parasites cause severe bovine disease and death in a large part of the world. These apicomplexan parasites possess a relic plastid (apicoplast), whose metabolic pathways include several promising drug targets. Putative inhibitors of these targets were screened, and we identified antiproliferative compounds that merit further characterization.
East Coast fever is an infectious disease of cattle caused by the intracellular apicomplexan parasite Theileria parva. East Coast fever is frequently fatal and causes economic loss and restricts cattle husbandry in parts of sub-Saharan Africa. T. parva is transmitted by ticks of the genus Rhipicephalus, which inject cattle with infectious sporozoites. Sporozoites invade lymphocytes and develop into multinucleated macroschizonts that can progress down two pathways. One involves the transformation of B or T lymphocytes into proliferating cells, with the multinucleate macroschizont dividing between the daughter lymphocytes (18) . The second generates free merozoites that subsequently infect erythrocytes, in which they form "piroplasms" that can infect blood-feeding ticks. The blood stage causes pathology in T. annulata infections, but most pathology caused by T. parva is due to the proliferation and widespread tissue infiltration of infected lymphocytes.
East Coast fever can be controlled by acaricide prevention of vector bites, by vaccination, and by chemotherapy. Vaccination is conducted using a long-standing technique of simultaneous injection of live, infective sporozoites and a curative dose of tetracycline, which gives long-term protection (17, 23, 25) . In areas of greater disease transmission and in larger herds, vaccination is the most cost-effective strategy (8, 22) . Buparvaquone is widely and successfully used to treat early-stage infections of T. parva, though its cost may be prohibitive for smaller farms and poorer farmers (8, 15, 21) . Low-cost alternatives will be urgently required in the inevitable event of buparvaquone resistance.
A potential source of targets for new antitheilerials is the relic plastid (or apicoplast) found in most apicomplexan genera. The eubacterial ancestry of apicoplasts is reflected in much of their metabolism. These departures from animal metabolism represent opportunities for selective inhibition that have been exploited in other medically important apicomplexans, such as Plasmodium spp. (the causative agents of malaria) and Toxoplasma spp. (33) . The recent completion of the genome sequencing projects for two Theileria species, T. parva (11) and T. annulata (causative agent of tropical theileriosis) (24) , now makes it possible to bioinformatically survey this important genus for promising apicoplast drug targets. At least 18 distinct apicoplast molecular chemotherapeutic targets have been experimentally validated in other apicomplexans. Of these targets, nine have clear matches in the Theileria parva genome (11), while nine have no apparent orthologues in either Theileria genome ( Table 1) . The missing proteins include all enzymes for heme and fatty acid syntheses (11) as well as glyoxalase I and II and a peptide deformylase (Fig. 1) .
To examine whether in silico Theileria matches to Plasmodium and Toxoplasma drug targets represent potential chemotherapeutic targets, we tested a small number of compounds that target various apicoplast functions for their ability to inhibit Theileria-induced proliferation of parasitized B cells. The functions of these targets were DNA replication (ciprofloxacin), transcription (rifampin [rifampicin]), translation (clindamyacin), and isopentenyl diphosphate synthesis (fosmidomycin). We also tested two fatty acid synthesis inhibitors: triclosan, which is thought to inhibit enoyl acyl carrier protein (ACP) reductase (30) , and fenoxaprop, which is thought to inhibit acetyl coenzyme A (acetyl-CoA) carboxylase (32) . No enoyl ACP reductase or acetyl-CoA carboxylase is apparent in the Theileria genomes.
Drug assays were conducted on T. parva-infected B cells grown as previously described (19) . Parasite cultures were initiated in 96-well flat-bottom plates with starting densities of 2.5 ϫ 10 5 cells/ml and were diluted in series of drug concentrations from 1.56 M to 400 M in a total volume of 200 l. Negative controls were set up adjacent to each replicate series, without any drug. Cells were grown for 32 h after the addition of the drug, and then 2 Ci of tritiated thymidine was added to each well. The culture was allowed to proceed for an additional 16 h (48 h in total) before being harvested onto filter paper, and thymidine incorporation was counted with an automated beta counter (Skatron). Within each experiment, the concentrations were determined in triplicate, and each experiment was repeated at least once with separate batches of parasites in independent biological experiments. Buparvaquone was used as a positive control for parasite inhibition (13) .
Of the compounds tested that target housekeeping functions, the inhibitors of DNA replication and transcription had modest inhibitory effect, with 50% inhibitory concentrations (IC 50 ) in the mid-micromolar range (Table 2) , while the inhibitor of prokaryotic-type translation (clindamycin) had a very high IC 50 . These inhibitory effects are less potent than they are against in vitro Plasmodium falciparum growth. Fosmidomycin, a potent inhibitor of the Plasmodium DOXP (1-deoxy-D-xylulose-5-phosphate) isopentenyl diphosphate synthesis enzyme DOXP reductoisomerase, unexpectedly had no effect on thymidine incorporation in our assay, even at the highest (400 M) concentrations used. This pathway is currently the subject of considerable inhibitor discovery in plants and in Plasmo- This figure represents an in silico reconstruction of apicoplast metabolism in Theileria compared to a similar reconstruction of Plasmodium apicoplast metabolism. Enzymes are represented by circles. Orange circles represent enzymes that are predicted to be apicoplast targeted in both Plasmodium and Theileria. White circles represent enzymes that are predicted to be apicoplast targeted in Plasmodium but which are absent in Theileria. The figure highlights the absence of the pathways for fatty acid synthesis and heme synthesis in Theileria, as well as the absence of at least two [Fe-S] cluster assembly enzymes. Glyoxylase detoxification of the DHAP (dihydroxyacetone phosphate) breakdown product methylglyoxal is also present in the Plasmodium apicoplast but absent in Theileria. Gray circles represent enzymes that may participate in apicoplast metabolism and for which no gene has yet been found in Plasmodium or Theileria. An apicoplast-targeted GAPDH gene is predicted from the Toxoplasma genome, but orthologues of this gene cannot be found in Plasmodium or Theileria. Enzyme names are shown in red, and substrates and products are shown in blue. ACCase, acetyl-CoA carboxylase; ACS, acyl-CoA synthetase; ACT1, glycerol-3-phosphate acyltransferase; ACT2, 1-acyl-glycerol-3-phosphate acyltransferase; BirA, biotin-(acetyl-CoA carboxylase) ligase; DXPR, 1-deoxy-D-xylulose-5-phosphate (DXP) reductoisomerase (IspC); DXPS, DXP synthase; FabB/F, ␤-ketoacyl ACP synthase I/II; FabD, malonyl-CoA transacylase; FabG, ␤-ketoacyl ACP reductase; FabH, ␤-keto-ACP synthase III; FabI, enoyl ACP reductase; FabZ, ␤-hydroxyacyl-ACP dehydratase; FatA, acyl-ACP thioesterase; ferredoxin (Fd), an electron carrier protein; FNR, ferredoxin-NADP ϩ -reductase; GloI, glyoxalase I; GloII, glyoxalase II; GSH, glutathione; IspD, 4-diphosphocytidyl-2C-methyl-D-erythritol synthetase; IspE, 4-diphosphocytidyl-2C-methyl-derythritol kinase; IspF, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; IspG, (E)-4-hydroxy-3-methylbut-2-enyl diphosphate synthase; IspH, 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase; LipA, lipoic acid synthase; LipB, lipoate protein ligase; LPA, lysophosphatidic acid; MGO*, methylglyoxal; MiaA, delta-(2)-isopentenylpyrophosphate tRNA-adenosine transferase; MiaB, tRNA methylthiotransferase; MnmA, 2-thiouridine modification of tRNA; NAD ϩ /NADH, nicotinamide adenosine; PA, phosphatidic acid; PDH, pyruvate dehydrogenase; PDH(E2), pyruvate dehydrogenase complex E2 subunit; PEP, phosphoenolpyruvate; Pi, inorganic phosphate; PP, pyrophosphate; iTPT, inner membrane phosphate translocator; oTPT, outer membrane phosphate translocator; PYK, pyruvate kinase; SCD, stearoyl-ACP desaturase; SufBCD, SufB-SufC-SufD cysteine desulfurase complex; ALA, 5-aminolevulinic acid; CoproP'n III, coproporphyrinogen III; DMAP, dimethylallyl pyrophosphate; 1,3DPGA, 1,3-diphosphoglycerate; G3P, sn-glycerol 3-phosphate; i6AtRNA, N6-isopentenyladenosine tRNA; mnm5s2U, 5-methylaminomethyl-2-thiouridine; ms2i6A, 2-methylthio-N6-isopentenyladenosine; GA3P, glyceraldehyde-3-phosphate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
VOL. 53, 2009
THEILERIA APICOPLAST AS A TARGET FOR CHEMOTHERAPY 1215
on August 15, 2017 by guest http://aac.asm.org/ so compounds that inhibit Theileria-infected lymphocytes may be acting on host and/or parasite processes. Because normal B cells do not naturally proliferate in the absence of infection, no perfect control is available to test for the specificity of this inhibition on host or parasite proliferation. One previously employed surrogate is to measure inhibition of proliferation of (uninfected) lymphosarcoma-derived B cells. All compounds were assayed for inhibition of the BL3 lymphosarcoma line by using the thymidine incorporation assay, conducted identically to that described above. At concentrations that produced 50% growth inhibition of Theileria-infected B cells, the assay revealed Ͼ75% inhibition of BL3 proliferation with triclosan, fenoxaprop, and rifampin and 28% inhibition with clindamycin (see Fig. S1 in the supplemental material). Ciprofloxacin did not inhibit proliferation. An independent assay was conducted to detect induction of apoptosis of BL3 cells in the presence of the same compounds. Drug-treated BL3 cells were stained with annexin V and propidium iodide 24 h after the addition of inhibitor, and apoptosis was measured by fluorescence-activated cell sorter analysis as described previously (7). This assay detected considerable induction of BL3 apoptosis after treatment with triclosan and fenoxaprop (see Fig. S2 in the supplemental material) but minimal apoptosis or no apoptosis with the other compounds. Several of these inhibitors are widely used and well tolerated in human health applications, so their inhibition of lymphosarcoma proliferation is clearly not an indicator of general mammalian toxicity. However, the antiproliferative effects of some of these compounds for BL3 cells suggest that their inhibition of proliferation for Theileria-infected B cells may well be due to inhibition of B-cell processes as well as or instead of parasite-specific inhibition. Both controls are to some extent limited by the difference in dynamics of replication between BL3 cells and parasite-infected B cells, which probably explains the effects of several of these compounds being greater on the BL3 line than on the Theileriainfected lymphocytes. Our inhibition assays indicate that several putative inhibitors of apicoplast function inhibit Theileria-induced proliferation of lymphocytes, but their modes of action are unclear. Ciprofloxacin appears to specifically inhibit growth of Theileria-infected B cells without having any effect on uninfected B cells. Three other compounds, fenoxaprop, triclosan (inhibitors of fatty acid synthesis), and rifampin (bacterial transcription inhibitor), inhibited proliferation of Theileria-infected lymphocytes, but this effect could not be separated or distinguished from their direct inhibition of B-cell proliferation. The IC 50 s observed for these compounds were similar to those observed in other apicomplexans, but the micromolar-range IC 50 s of these inhibitors do not make them immediately appealing as antitheilerials. The proposed targets of fenoxaprop and triclosan in Plasmodium, the single-polypeptide-type acetyl-CoA carboxylase (32) and enoyl ACP reductase (30) , respectively, are absent in both Theileria and humans, so their mode of action here cannot be via these enzymes. Babesia, another apicomplexan parasite, also lacks enoyl ACP reductase (5) but is similarly susceptible to triclosan (4) . These data cast uncertainty on the specificity of these proposed compound-target relationships in other apicomplexans.
In other apicomplexans, some drugs inhibiting apicoplast processes inhibit growth of the parasite only after it has egressed from the initial schizont and reinvaded a new host cell. The mechanism behind this "delayed death" phenomenon is not understood. It is important to note that the life stage analyzed in this study involves the replication of Theileria parasites without formation of daughter merozoites or reinvasion and exploitation of a new host cell. The investigation of potential apicoplast inhibitors on additional life stages of Theileria, including merogeny, will be of interest but is unlikely to be directly applicable to the development of antidisease chemotherapeutics.
We are grateful to Siggi Sato (National Institute for Medical Research, United Kingdom) for critical reading and advice. 
